Introduction
Homocysteine (tHcy) is a non-protein sulphur-containing amino acid whose elevated plasma concentration constitutes an independent risk of cardiovascular disease (CVD), via endothelial dysfunction, oxidative stress mechanisms and inflammatory vascular processes (Mangoni and Woodman 2011; Moat 2008; Refsum et al. 1998; Veeranna et al. 2011) . tHcy is strongly influenced by genetic and lifestyle factors such as diet, especially vitamins B 12 , B 6 and folic acid (Chrysohoou et al. 2004) . However, the impact of exercise on tHcy remains unclear. A recent review (Maroto-Sánchez et al. 2016 ) identifies that acute exercise induces increases in tHcy. However, no consensus exists regarding chronic exercise due to a large variety of exercise interventions, with different intensities, duration and mode of exercise. Deminice et al. (2016) , in a metaanalysis, also reported that acute exercise increases plasma Hcy concentration independent of duration or intensity of the exercise performed and, at the same time, regular resistance training can decrease plasma Hcy concentration, though this was not observed after aerobic exercise training.
We have previously reported that acute exercise at high and low intensity in healthy sedentary individuals causes a transient increase of plasma tHcy proportional to the intensity of exercise, but not hyperhomocysteinemia (Iglesias-Gutiérrez et al. 2012 ).
According to the American Heart Association (AHA) advisory statement (Malinow et al. 1999 ) normal homocysteine concentrations range from 5-15 µmol/L. Deminice et al. (2016) also provided evidence that the elevation of tHcy as a consequence of an acute bout of exercise does not cause hyperhomocysteinemia. However, we have previously shown a 26% increase in tHcy (Iglesias-Gutiérrez et al. 2012) , which could have physiological or clinical relevance.
D r a f t
The underlying mechanism remains unclear, although our previous data suggest that it could be related to increased energy expenditure (Iglesias-Gutiérrez et al. 2012) , since the maximal tHcy concentration occurred during exercise. At the same time, we have also showed that it could be related to changes in renal function in response to exercise (Venta et al. 2009 ). In this sense, increased tHcy is not as a direct result of exercise, but could be an indirect consequence of the whole body homeostatic perturbation in response to exercise.
Plasma concentration of homocysteine is related to cardiovascular risk and exercise is one of the interventions most widely recommended to reduce CVD risk. On the other hand, an important proportion of European citizens (59%) never exercises or seldom do so (Eurobarometer, 2014) . Therefore, it is important to understand the determinants of the tHcy response to exercise with the aim of optimizing exercise prescription for the prevention of CVD, especially in sedentary people. These recommendations should not be expressed only in terms of duration and intensity of exercise; since some authors have described that the frequency of contraction or the velocity of shortening of skeletal muscle can also affect energy expenditure and substrate utilization (Kang et al. 2004) and, in consequence, could also influence the plasma concentration of tHcy.
Therefore, the aim of this study was to assess the effect of frequency of muscle contraction in tHcy kinetics. In this sense, we examined the impact of cycling at two different rates/frequencies of muscle contraction (50 and 80 rpm), on the complete tHcy kinetics in sedentary individuals, when dietary and lifestyle factors were controlled.
Subjects and methods

Ethics statement
All experimental procedures were approved by the Dublin City University Research Ethics Committee in accordance with the Declaration of Helsinki. All participants gave written informed consent.
Subjects
Participants were recruited using flyers posted on campus and e-mail sent to the student and staff mailing lists. Prior to participation, each volunteer underwent a thorough medical screening to determine eligibility. Eight young males (19-32 yr) who were healthy, and had been physically inactive for at least 6 months, took part in the study.
Anthropometry and aerobic capacity assessment
On their first visit, the participants had their body composition assessed and their peak oxygen uptake (VO 2peak ) determined at the Metabolic Physiology Research Unit.
Height and body mass (BM) were measured using a combined medical scale (model 778, Seca Ltd, Hamburgh, Germany; precision 0.1 cm for height and 0.1 kg for weight) and the body mass index (BMI) was calculated. Body density was calculated by the method of Jackson and Pollock (1978) , based on the sum of seven skinfolds (triceps, subscapular, mid-axillary, pectoral, suprailiac, abdominal, thigh) 
measured with
Harpenden skinfold calipers (Holtain Ltd., Crosswell, Crymych, Pembrokeshire, UK).
Percentage body fat (%BF) was calculated using the equation of Siri (1961) . VO 2peak was determined by indirect calorimetry (Vmax 29C, SensorMedics, Yorba Linda, CA, USA) using an incremental protocol on an electronically braked stationary cycle ergometer (Ergoline 900, SensorMedics). Subjects began cycling at 100 W for five minutes to warm-up and the power output was increased by 50 W every two minutes thereafter until volitional fatigue. Oxygen uptake was considered to have peaked if two of the following criteria were met: (i) a levelling off of VO 2 with increasing power output (increase of less than 2 mL.kg -1
.min -1 ), (ii) a HR within 10 beats of the age D r a f t predicted HR max (220 bpm -age in years), (iii) a RER greater than 1.10. Between four and seven days later, each participant returned to the laboratory to perform sub-maximal exercise to verify the power outputs required to elicit 50% VO 2 peak. The power output required to elicit a given percentage of VO 2 peak was estimated based on the linear relationship between oxygen uptake (y-axis) and power output (x-axis). For a given percentage of VO 2 peak, the corresponding power output was estimated by solving for x using the linear function, y=mx+c, where y is VO 2 , x is power output, m is the slope of the relationship between VO 2 and power output and c is the y-axis intercept. Subjects cycled for 10 min at a number of different power outputs, starting at 15 W below the predicted power output and adjusted thereafter until the correct percentage of VO 2 peak was maintained in steady state. This trial took approximately 30-40 minutes.
Experimental design
In a randomized crossover design (Figure 1 ), subjects were required to exercise at the workload that corresponds to 50% of their VO2peak (determined from the maximal test) at either 50 or 80 revolutions per minute (rpm) on an electronically braked stationary cycle ergometer (Ergoline 900,SensorMedics). Each exercise bout was separated by 7 days and required the participants to expend 400 kcal, determined by indirect calorimetry monitored on a minute-by-minute basis and calculated using the equations of Weir et al (1949) . The duration of both exercise trials to expend 400 kcal were not significantly different (50rpm: 58.5 ± 3.1 min; 80rpm: 52.6 ± 3.0 min)
Dietary control
Participants were asked to keep a one-day food diary on the day prior to the first experimental trial and asked to repeat the content and pattern of dietary intake on the day preceding the second experimental trial. They were asked to abstain from caffeine and alcohol consumption for 24 h prior to testing, and none of them reported the use of The dietary intake during each experimental trial was standardized in terms of food type and macronutrient composition, and individualized for each participant in terms of total energy content. The individual energy requirements were calculated using the HarrisBenedict equation (Harris and Benedict 1919) , multiplied by a physical activity factor (1.4), and with 400 kcal added to account for the exercise trial (Durnin 1996) . Three meals, each with 30% of predicted total energy expenditure, were provided, with the remaining 10% energy supplied with an evening snack. In accordance with current
Recommended Dietary Allowances (RDA) (FSAI 1999) and Acceptable Macronutrient Distribution Range (AMDR) (Food and Nutrition Board 2005), these meals were designed to provide 45-65%, 20-35%, and 10-35% of total energy intake from carbohydrate (CHO), fat and protein sources, respectively, as well as an adequate intake of folate, vitamin B12, and vitamin B6.
Experimental protocol
For the experimental trials subjects reported to the laboratory after an overnight fast and had a blood sample taken (pre4 point). Subjects then consumed a standardized breakfast and remained in the laboratory for 4 h, at which point they started the exercise bout.
Immediately before exercise another blood sample was taken (pre0). Participants then began cycling on a stationary ergometer (cadence at 50 or 80 rpm) and continued until 400 kcal were expended. If participants deviated from the designated cadence by more than 5RPM they were encouraged by the experimenters to adopt the correct cadence, which was easily accommodated at sub-maximal exercise. During exercise blood samples were drawn every 10-15 min (exer10, exer20, and exer30…) until exhaustion, via catheter placed in the antecubital vein. Sampling points were the same for both D r a f t exercise trials, though a smaller number of subjects reached exer50 (n=5 for 50rpm; n=2 for80rpm) and exer60 (n=2 for 50rpm; n=1 for 80 rpm) as they had already expended 400kcal. The total volume of blood taken during the trial was less than 40 ml. Another blood sample was drawn immediately at the end of exercise (post0). After 3 hours, subjects were provided with a standard meal, after which they were free to leave the laboratory. Another meal and snack were provided to eat later that evening, and water intake was permitted to their satisfaction. No other food or beverages were allowed. The following morning subjects returned to the laboratory at the same time as the previous day, after an overnight fast, for a final blood sample taken at 19 h after the cessation of exercise (post19).
Blood samples (4 ml) were collected in vacutainers (No Additive (Z), Becton
Dickinson, Franklin Lakes, NJ), kept at room temperature for 20 min, and then centrifuged at 3000 rpm for 15 min at 4°C. The serum was stored at -80°C for later analysis.
Biochemical determinations
tHcy were determined by HPLC using a commercially available kit (Chromsystems 
Statistical analysis
Normality of variables was tested using Shapiro Wilk's test. In light of the results obtained, descriptive values are presented as mean ± standard deviation or median (interquartile range).
T-Student test for related samples was performed to analyze differences between contraction frequencies at the same sampling points, as well as between sampling points at the same contraction frequencies, for the variables considered. In order to check the relationship among the different variables at each time point, a full correlation analysis was made by using Pearson correlation coefficient.
The level of significance was set at p<0.05 for all analyses; Descriptive and analytical statistical analyses were performed using IBM ® SPSS ®Statistics, version 20.0 (Somers, NY).
Results
Anthropometric characteristics (height, body mass, BMI, % body fat) and aerobic capacity (VO 2peak ) of volunteers are presented in Table 1 , showing a profile of young, non-obese, sedentary males, with low aerobic capacity.
The graphic representation of the serum clearance kinetics of tHcy is shown in Figure 2 .
No statistical differences in tHcy were found at baseline (pre4 and pre0) between 50 rpm and 80 rpm. tHcy response to 50 and 80 rpm was similar and no statistically significant differences were observed at any sampling point between trials. An increase in tHcy was observed in both cases, reaching Cmax (11. (Selhub 1999; Welch and Loscalzo 1998) were observed at any sampling point in both exercise trials. Table 2 shows data relative to area under curve (AUC) between 0 and 30 minutes of exercise (coincident duration time in all exercises) together with Cmax and Tmax. Table   2 also shows differences between the tHcy concentration at points post0-pre0
(representative of an acute bout of exercise) and difference between points post19-pre4
(representative of recovery post exercise). There were no between trial differences in these parameters except a significantly lower tHcy at 80rpm at post0-pre0. Table 3 shows the serum concentration of folate and vitamin B12 at every sample point.
Serum folate concentration increased after the exercise (post0 and post19) with respect to the other points and this change is significant in the 80rpm exercise. We also observed a higher Cmax and Tmax at 80 rpm exercise compared with 50 rpm exercise (Table 4 ). There were significant differences between trials at pre4 and post 19 for 
D r a f t 12
The correlation analysis among the serum concentration of tHcy and the different vitamins analyzed showed a large variability and no relevant tendency was observed.
Energy, macronutrient, folate, vitamin B 12 , and vitamin B 6 intake during the experimental trials, compared to the RDA and AMDR, are shown in Table 5 . The dietary intake of the volunteers was in accordance with the proposed targets for energy, macronutrients, and vitamins.
Discussion
We examined the impact of exercise at two different rates of muscle contraction (high and low cycle cadence: 80 and 50 rpm) on the complete tHcy kinetics in an energy expenditure and intensity-matched experiment, carried out in sedentary individuals with low aerobic capacity, controlling dietary and lifestyle factors.
tHcy response to cycling at 50% VO 2 peak at 50 and 80 rpm was similar and no statistically significant differences were observed at any sampling point between trials.
Therefore, no effect of frequency of contraction on tHcy kinetics was observed when the exercise was carried out at the same intensity and energy expenditure. An increase in tHcy during exercise was observed in both trials, reaching Cmax during exercise, although hyperhomocysteinemia was not observed at any time point. tHcy showed a modest reduction 19h post exercise in both conditions suggesting a positive effect of exercise in the recovery period.
Souza-Silva and Gonçalves da Mota (2014) in a recent revision asserted that it would be prudent to discern the types of exercise that reduce homocysteine levels and therefore potentially reduce the risk of blood vessel damage. According to these authors, and others (Maroto-Sánchez et al. 2016), homocysteine was lower in patients with the greatest amount of daily physical activity.
D r a f t 13
Several studies have reported increased homocysteine levels immediately after an acute bout of exercise. Deminice et al. (2016) , in a recent meta-analysis, showed that this elevation is independent of exercise intensity, although changes appear to be more sensitive to long-term exercise of low to moderate intensity than short-term exercise of high intensity, i. e. increased homocysteine induced by exercise was significantly associated with volume of exercise. On the other hand, the aerobic exercise training analysis did not demonstrate a significant impact on homocysteine levels in the blood, whereas resistance training was found to decrease plasma tHcy.
Taking together our results and those of other authors aforementioned, we could deduce that the type and volume of exercise could influence the concentration of tHcy rather than the intensity or frequency of contraction.
Kinetic studies that include multiple sampling points both pre, during and post exercise regarding Hcy metabolism such as those reported here are recommended in order to clarify the mechanisms through which tHcy is impacted by exercise (Deminice et al. 2016 ). Our studies are unique in providing a complete Hcy kinetics perspective pre, during and post exercise. Our previous study showed a transitory increase in tHcy levels during exercise and a recovery of basal levels 19 hours after the exercise (IglesiasGutiérrez et al. 2012) . Also, in the present study, tHcy was significantly lower at post19 compared with pre4, indicating a recovery of tHcy within 19 hours of exercise.
Understanding this response could be relevant in terms of further informing healthy exercise prescription, since this could mean that acute exercise, even performed by sedentary people, would not have the deleterious effects previously reported by several authors. This could also elucidate the mechanism through which reduced circulating
Hcy is observed in those who are more physically active (Maroto-Sánchez et al. 2016 ).
Therefore, the 24 hour kinetic profile investigated in our studies indicate a post exercise D r a f t 14 recovery in response to exercise of varying intensity and contraction frequency, with no negative effects on tHcy as independent risk factor for CVD. Deminice et al. (2016) support the view that increased tHcy during acute exercise might not be deemed a risk factor of cardiovascular events mediated by hyperhomocysteinemia. Le Goff et al.
(2011) also informed that isokinetic exercise leads to the release of CVD biomarkers in the blood, but these do not exceed healthy reference values in sedentary subjects.
Maximal concentric isokinetic exercise does not, therefore, lead to an increased risk of cardiovascular pathologies. Understanding the mechanisms of changes in these markers after one session of exercise is essential for specifying the exact cardio protective benefits of long term exercise (Markovitcch et al. 2008 ).
Folates and other B-vitamins, are essential to maintain safe homocysteine
concentrations. An inverse relationship between tHcy and serum folate has been described, but only when the nutritional status for folic acid was adequate (González-González et al. 2005; Úbeda et al. 2011; Varela-Moreiras et al. 2007 ). Despite the optimal folate and vitamin B 12 status of the volunteers that took part in our study, an increase in tHcy was observed during exercise. So, in light of our results, adequate folate and vitamin B 12 intake could be particularly important for people that are less active, and who are exposed to transient increases in tHcy during exercise. This may be particularly pertinent for exercise at high cycling cadence, since we observed a significant increase in both vitamins immediately post-and 19 hours after exercise, indicating the high demand of these vitamins in this type of exercise.
Consequently, acute exercise, even of high intensity and high cycling cadence, has no negative effect on tHcy as an independent risk factor for CVD, when at least 400 kcal are spent during exercise and the nutritional status for folates and vitamin B 12 was adequate. These results inform the response of a risk factor for CVD to acute exercise in D r a f t sedentary people and are relevant for public health recommendations and exercise prescription. Therefore, attention should be given to identifying the optimal combination of exercise intensity, type and volume needed to induce favorable adaptations in the most time efficient manner, considering that a single bout of acute exercise does not increase tHcy over cardiovascular risk values in sedentary people.
Strengths and limitations
The strengths of our study are the meticulous experimental protocol and the strict control and characterization of the volunteers, particularly of their dietary intake.
Furthermore, sequential blood samples were collected during exercise, which provides a unique perspective of the kinetics of the parameters assessed in response to acute exercise. Finally, the randomized crossover design of this study enabled each subject to be his own control, reducing the variability and strengthening the statistical analysis.
Some limitations should also be noted. First, the strict inclusion criteria and the invasive nature of the study, limited the possibility of recruiting a larger number of subjects.
However, as mentioned before, in the repeated-measures design of the present study, the same 8 subjects participated in two different acute exercise bouts (at 50 and 80 rpm) and provided at least 7 samples before, during and after each event, which led us to analyse more than 100 samples. Second, generalization of results is limited by the characteristics of the study subjects: young, physically inactive males, without cardiovascular risk factors. Thus, the conclusions have been written accordingly.
Finally, although the aim of this study focused on tHcy, the analysis of other cardiometabolic risk factors could have also been of interest. However, considering the plethora of cardiometabolic risk factors, the parameters selected could be biased by subjective selection. 
